Introduction

Project Background
The abundance and versatility of hydrogen suggests that it can provide solutions to problems encountered with current fossil fuel energy systems, such as declining domestic supplies, air pollution, global warming, and national security. Significant research and development efforts are currently underway to make the widespread use of hydrogen technically and economically feasible. These efforts are directed toward creating the basic building blocks of a hydrogen economy: production, storage, transport and utilization. An underlying need of each of these building blocks is the ability to detect and quantify the amount of hydrogen gas present. This is not only required for health and safety reasons, but will be required as a means of monitoring hydrogen based processes. For example, if hydrogen were to be introduced as an automobile fuel additive, a sensor would be needed to detect potential hydrogen gas leaks, as well as to monitor and provide feedback to regulate the air/fuel/hydrogen mixture.
Hydrogen is the lightest and most abundant element in the universe, and as a gas, is odorless, colorless, and bums with a virtually invisible flame.' It has a lower explosive limit (LEL) of 4% in air, and an upper explosive limit of 75%. Although the safety record of the commercial hydrogen industry has been excellent, it is estimated that undetected leaks were involved in 40% of industrial hydrogen incidents that did occur?
Emerging hydrogen based energy systems will require hydrogen sensors that are as ubiquitous as computer chips have become in our factories, homes, and in our cars. This means that the ability to produce large volumes of sensors at a low cost is paramount. It follows naturally that the same technology that has enabled computer chips to proliferate could be used to advantage for fabrication of hydrogen sensors: namely, solid state integrated circuit technology.
' An effective odorant and luminant with minimal system and emission impact has not yet been developed.
* "The Sourcebook for Hydrogen Applications", by the Hydrogen Research Institute and the National Renewable Energy Laboratoty, 1998 In order to support an effective hydrogen detection and monitoring system, the hydrogen sensor element must fulfill several requirements. It needs to be selective to hydrogen in variety of atmospheres (including the oxygen-rich high-humidity environments found in fuel cells). It must have a good signal to noise ratio and a large dynamic range. Speed of detection is a critical requirement to ensure rapid response to potentially hazardous leaks. Long lifetimes between calibrations are desirable in order to minimize maintenance. Low power consumption is requisite for use in portable instrumentation and personnel monitoring devices. Ultimately, these must all be achieved by a safe sensor element that is affordable to manufacture in large numbers, so that safe design principles, and not costs, are the deciding factor in the number and locations of detection points.
There are a number of methods for the detection of hydrogen, ranging from the simple addition of odorants for human identification to the complexity of mass spectrometry. For continuous, multi-point applications, there are several general types of commercially available hydrogen sensors based upon electrical measurements (resistance) across a sensor material. The most popular, a "catalytic combustible" or "hot wire" sensor, consists of two beads of resistive elements (Pt/Ir wire) arranged in a
Wheatstone bridge configuration and heated to 600-800 "C. One of the resistive beads is coated with a reactive catalyst, while the other is not. Gas is sampled over these resistive elements either by diffusion or by means of a pump. In the presence of a flammable gas, the heat of oxidation raises the temperature of the bead and the associated heater element and alters the Wheatstone bridge circuit. This resistance change is correlated to the concentration of all flammable gases (including Hz) near the sensor. Unfortunately, in 0 2 deficient environments or above the upper explosive limit, the oxidation process is quenched. This causes the heating element to cool and results in a negative response.
Since the sensor is based upon oxidation, virtually all hvdrocarbons have the same response. In addition, the sensor can be contaminated by halogenated hydrocarbons or poisoned by silicones, lead and phosphorous. A third sensor is of the Gated Field Effect type. In this device, a field effect transistor (FET) like structure has a floating gate that is coated with a catalyst, typically palladium. As the catalytic gate adsorbs hydrogen, the potential of the gate changes, and modulates the conductance to the channel which is then measured. Although this device can he quite sensitive, it tends to saturate at low levels of hydrogen, making for it unsuitable for explosive limit detection.
A fourth sensor is based on the resistivity changes that occur as a function of hydrogen content in Pd or Pd alloys. The solubility of hydrogen in palladium and palladium alloys is well known, as is the concomitant change is resistivity. These types of devices however suffer from the fact that the magnitude of the change in resistance is typically small, on the order of 1-1 0% in pure hydrogen, and can be temperature sensitive. The small signal level can present a problem in electrically noisy environments.
Not yet commercially available, but promising are fiber optic sensors. These are based on the detection of a change in transmissivity of a hydrogen-sensitive coating at the end of an optical fiber. Such an optical sensor could potential he immune to electrical noise, hut to date have been hindered by unacceptably slow response times. Individually, the micro-hotplate device structure and palladium coated metalhydride films have unique properties that will he discussed in detail in the sections that follow. We will then show that when coupled, these properties create an extraordinary sensor platform for the safe detection of hydrogen gas that has selectivity, sensitivity and speed, and is inherently amenable to manufacturing.
Project Technical Approach
Project Objectives
This project focused on achieving the following objectives:
1) Demonstration of the capabilities of micro-machined HZ sensors 2) Developing an understanding of their performance.
3) Critically evaluating the utility and viability of this technology for life safety and process monitoring applications
In order to efficiently achieve these objectives, the following four task were 
Device Design and Fabrication
The performance of these sensors is crucially dependent on the design and fabrication process. The first task of this project involved multiple iterations of design and fabrication loops, responding to the feedback provided by both the short and long term testing task as well as to detailed device and materials characterization. Black Belt Knowledge Based Management (KBM) techniques were applied to this task, and resulted in thorough living documentation of the manufacturing process, and dramatic fabrication performance and yield improvements.
Device Testing: Short Term Response
After fabrication, sensors were subjected to a broad spectrum of electrical and chemical characterizations. Sensor responses were measured as function of time, H2
concentration, humidity, and at differing operating conditions. These tests were used to gauge the ultimate performance of these sensors, and provided significant insight into improving our understanding of the theory of operation of these sensors.
Device Testing: Long Term Behavior
The long term stability and behavior of the sensor is an important consideration for most potential applications. This task was focused first on measuring the long term performance of the sensors, and then determining the mechanisms of any observed degradation. The goal of task was to demonstrate an extrapolated lifetime of 3 years.
The determination of a statistically meaning full lifetime has turned out to be both quite complicated and requires significant long term testing.
Systems Development
While it has been important to develop, understand and optimize the sensor, it has been necessary to develop corresponding electric systems to demonstrate the sensor to its fullest potential, and to allow for testing at our partner's facilities, as well as for economical long term testing of multiple sensors. As both our fabrication and understanding of the theory of operation has improved, we have designed and tested several generation of measurement boards.
Results and Discussion
Device Design and Fabrication
Micromachined thin film hydrogen gas sensors developed at ATMI are built upon a micro-hotplate platform. Our embodiment of the micro-hotplate is a micromachined thermal isolation structure with an embedded polysilicon resistive heater where elevated temperature can be achieved with ease. The micro-hotplate layered stack is fabricated via a CMOS-compatible foundry process and has been described elsewhere3. The as-received micro-hotplate platforms were subsequently etched at ATMI to create suspended thermal isolated structures.
A rare earth metal thin film overcoated with a palladium-based cap layer serves as the active sensing layer. The metal-insulator transition induced by hydrogenation of rare earth metals is a known phenomenon, and detection of hydrogen using rare earth metal hydride has been proposed as far back as 19734. However, the proposed approach was specific to steel industry and not adaptable for other applications. The recent discovery of spectacular changes in optical and electrical properties of thinfilm rare earth metals upon hydrogenation' sparked great interest in these materials. We immediately recognized the potentialtechnological advantages in using these novel thin film materials for hydrogen sensing6. With the support of DOE Hydrogen Program, we have continued to develop micro-hotplate based hydrogen gas sensors incorporating rare earth metal coating as the active sensing layer.
' Semancik, S., R. E. Cavicchi, et al. (2001) . "Microhotplate platforms for chemical sensor research."
Sensors and Actuators B 77(1-2): 579-591.
These new sensors incorporate novel rare earth metal coatings that react with hydrogen upon exposure, leading to a change in electrical resistance that scales with hydrogen concentration in the gas phase. The reaction is reversible and the reaction kinetics can be engineered by the micro-hotplate temperature. The output signal is the change in sensor electrical resistance, which results from reactions between rare earth metal (represented by yttrium, Y) and hydrogen: 
Process Flow
During the course of this program, and important achievement was the thorough documentation and analysis of the sensor fabrication process flow, which consists of multiple sequential steps with over 100 process variables, Figure 1 . The first step is the micro-plate design, performed at ATMI using commercial layout software. These designs are then electronically delivered to a commercial foundry for CMOS-compatible fabrication, step 2. The as-received silicon wafer dies are the processed also at ATMI, steps 3-9. The processed dies are then sent out for packaging and returned for final inspection and subsequent testing, steps 10-1 1. Some key results from important steps in the process will be discussed in detail below 
Device Design
At the outset, it was understood that the effect of geometric design on overall sensor performance would be complex. For example, a small device platform size implies increased heating power density, which should allow reduced power consumption for a given operating temperature. The thermal rise time should also be faster due to the decrease in thermal mass. However, the reduced sensing area, which is the platform coated with active layer, may lead to reduced sensor signal or decreased lifetime. In addition, one of the heat loss mechanisms is thermal conduction through supporting bridges, which does not scale with platform size. The small thermal mass also makes it more susceptible to loading of unheated ambient gas.
From a prior experience, computer models and simulations were found to be inadequate predictors of real world device performance, so an empirical approach was used and found to be effective. We have examined several design iterations over the course of this program, as shown in Figure 2 . Over the course of the program, we have succeeded in reducing the operating power from 12 mW to less than 5 mW. In terms for heater efficiency, we have improved from -8"Clmw to -14WmW. Additionally, the pin count was reduced from 10 pins per device to only 4. Since the cost of wire bonding scales with the number of pins, and is a substantial portion of overall device costs, this represents a significant improvement in the manufacturing economics. 
Chemical Mechanical Polishing (CMP)
Figure 3 represents a typical depiction of a micro-machined HZ sensor in cross section, not drawn to scale. The profilometry graph in the upper panel of Figure 4 is the surface profile of an actual device. It can be seen that the Si02 ridges are over a 1000 nm to 2000 nm in height. This is 3-7x the thickness of the YiPd layers (275nm) subsequently deposited. In order to minimize the discontinuities in films that were occuring because of these step edges, a proprietary Chemical Mechanical Polishing treatment was developed that resulted in the smoothing of these structures, as shown in the lower panel of 
Surface Preparation
In addition to the planarization of the micro-hotplate structure, extensive process development efforts focused on the preparation of the interface between the aluminum contact pad and the subsequently deposited sensor films. It is well known that aluminum oxidizes readily upon exposure to air. Initial attempts to remove this native oxide focused on ex situ methods, such as wet etch and laser ablation. Although these techniques were responsible for some of the earliest successes, it quickly became apparent that an in situ oxide remove technique would be needed. An ion beam cleaning system was added to the evaporation chamber, and an in situ ion beam clean process step was added immediately before thin film deposition. The concept of ion beam cleaning is outlined schematically in Figure 5 . This resulted in both dramatically lowered resistance values and increased devices yield, as will be discussed in the next section. 
Process Yield
The result of much of the focused process development discussed is reflected in Figure 6 is the sensor resistance prior to the dicing and packaging, and it is tracked as an average value as a function of die#. As can be seen, over 70 process runs make up the data set, and dramatic changes can he observed as the process was improved with time. At the beginning ofthe program, (Die 1-21) before the implementation of KBM methodologies, the average resistance was high, -270 ohms, had significant run to run deviations, as well as significant with-in die nonuniformity, Figure 7 , and poor yields, Figure 8 . With the introduction of KBM methodologies of Process flow documentation, analysis and Designed Experimentation) the average resistance was lowered and tightened, as was the with-in die nonuniformities, and overall yield were improved. The implementation of IBC, as discussed above, resulted in a dramatic lowering of the contact resistance, and thus the measured resistance. The excursions around BH57 were a result of a malfunction of the IBC system, and finally the last stretch of die were using our best known process conditions, as well as fabricated with diffusion barrier layers as will be discussed in a subsequent section. The variability in the yield has been traced to a combination of malfunctioning IBC cleaning system, and variability in the base vacuum pressure. These have been addressed since the completion of the program. The efforts devoted to understanding the fabrication yield were crucial in evaluating the manufacturability, and thus the applicability, of this technology. 
.1 Hydrogen-Chemical Behavior
Characteristics of a new type of micromachined hydrogen gas sensors are described in this section. These sensors utilize the large electrical resistivity change associated with rare earth hydride phase transformation when the rare earth hydride film is exposed to a hydrogen-containing gas ambient. The extent of phase transformation depends on hydrogen concentration in the gas ambient, and fast reaction rates are achieved when the sensors operate at moderately elevated temperature. In this section, their short term temporal response characteristics as functions of hydrogen concentration in air and in nitrogen are examined. The sensors exhibit sub-second response even at a low hydrogen concentration of 242 ppm in air. Operation in nitrogen background leads to enhanced signal strength but extended recovery time. These results are understood as a manifestation of complex hydrogen dynamics throughout the layered stack construction of the sensor.
The general principle of these sensors is conductometric in nature. Yttrium hydride, coated with a palladium overlayer, functions as the sensing layer. The palladium overlayer deters oxidation of the underlying hydride and assists the dissociation of molecular hydrogen. In the presence of gaseous hydrogen, dissociated hydrogen atoms diffuse through the palladium layer and react with the yttrium hydride layer. The hydride film receives the incoming hydrogen atoms and undergoes reversible transformation between semi-metallic p and semi-insulating y phases. Spectacular changes in the optical and electrical properties of these materials accompany this phase transformation7 making it a sensitive mechanism for hydrogen detection. Hydrogen loading is slow at room temperature*, but can be accelerated at moderately elevated temperature. By operating the microhotplate at a moderately elevated temperature, sub-second response times and large This section presents the response characteristics when the sensor is operated in a variety of operating conditions. To understand the response characteristics, it is necessary to evaluate the complex hydrogen dynamics throughout the stacked layers of the sensor, shown schematically in Figure 9 . The palladium overlayer provides catalytic sites where the dissociative adsorption of molecular hydrogen occur at a high rate ' . The dissociated hydrogen atoms travel from the surface through the palladium overlayer and into the yttrium hydride layer. Once reaching the hydride layer, hydrogen atoms can either take an interstitial site in the 0 phase, or react with the p phase to form they phase locally. Fabrication of micromachined suspended structures via a commercial foundry process has been described elsewhere in this report. The as-received dies were etched at ATMI using gaseous XeFz to create suspended microhotplate structures. Electron beam evaporation was used to deposit yttrium and palladium layers without breaking vacuum.
Pd
The stacked layers were nominally 250 nm yttrium layer and 25 nm palladium overlayer.
The microhotplate platform was not intentionally heated during the evaporation of either layer. A hydrogenation step was performed to covert yttrium metal to yttrium dihydride.
Functionalized dies were packaged in a standard chip carrier and connected electrically by wire bonding.
A custom gas manifold was used to examine sensor performance with sub-second time resolution. The gas manifold was constructed using low-volume 4-way gas chromatography valves in combination with lis" stainless steel tubing leading to a small volume chamber (approximately 2 cm3). The small volumes of all gas handling parts facilitated fast purge during gas switching even at low flow conditions; e.g., to O S % H2 are shown in Figure 13 . As anticipated, at the same hydrogen concentration, the signal was significantly larger in a nitrogen background than an air background. The recovery time in nitrogen, however, was substantially longer than the recovery time in air. The hydrogen desorption response as expressed by the change in sensor resistance is shown in greater detail in Figure 14 . In nitrogen, the response exhibited a moderate rolloff initially, and thereafter decreased slowly in an exponential manner with a characteristic time constant nearly 2 hours. The response roll-off in air was fast and a meaningful time constant could not be determined. We have determined experimentally that operating the microhotplate at 200°C brings the recovery time back to several seconds, but sensors at such high operating temperatures exhibited rapid degradation.
Meanwhile, the rise time did not exhibit such a dependence on the gas ambient. In short, the presence of oxygen expedites the hydrogen desorption dynamics but has little apparent effect on the hydrogen absorption dynamics apart from signal reduction.
Recalling that oxygen does not directly participate in hydrogen dynamics within the yttrium hydride layer, the present observation implies that, in addition to the reported differences in the hydrogen absorption and desorption dynamics in yttrium hydride, Hysteresis effect upon hydrogen loading and unloading for Pd/YH, structure has been r e p~r t e d '~ [5, [12] [13] [14] . It was demonstrated that both the absorption and the desorption dynamics favors population or depopulation of interstitial sites in the p phase over P-y phase transformation. In other words, different phase compositions can exist between hydrogen absorption and desorption for the same total hydrogen content. For the present study, we investigated the sensor response by cycling the sensor continuously from 0% to 50% and back to 0% linearly at a rate of approximately 2.7% per minute. The total gas flow was maintained constant. The sensor under test had a baseline resistance of 90 Q when the heater was powered at 9 V. The result is shown in Figure 15 . The most prominent feature of the response characteristics is its hysteresis behavior. The sensor resistance followed the lower trace during hydrogen loading (absorption), and followed The unique combination of PdlYH, functional layers and microhotplate platform leads to a hydrogen gas sensor that exhibits features useful for life safety applications.
The amount of hydrogen available for diffusion into yttrium hydride -and therefore the signal strength -appears to be controlled by the concentration of dissociated hydrogen in palladium, while the response speed is controlled by the hydrogen diffusion in yttrium hydride. Oxygen participation in hydrogen kinetics evidently modifies both parameters.
In particular, the recovery time can be different by three orders of magnitude depending on whether oxygen is present in the ambient. The ability to control film temperature above ambient and film stress development make microhotplates an extremely valuable platform not only for chemical sensor applications but also for thin film materials research. 
A Novel Transduction Mechanism
Chemical sensors based on microhotplate platform generally function via a conductometric or calorimetric transduction mechanism. In addition to these mechanisms, a novel mechanical transduction mechanism has been discovered in the course of this work, based on the detection of the microhotplate bending due to volume change of functional layers. In this section, we demonstrate sensing of gaseous hydrogen based on volumetric expansion of P d N functional layers. In this case, the embedded polysilicon heater element also serves as the piezoresistive strain-detecting element, changing its resistance as the microhotplate bends. This transduction mechanism can be used independently of, or in conjunction with, a simultaneous conductometric or calorimetric mechanism.
There has been a continuing effort to expand CMOS ( The microhotplate platform provides a means to operate the sensor at a prescribed temperature (or temperature sequence) and therefore with controlled chemical reaction kinetics. Due to these attractive features, the microhotplate platform is uniquely suited for gas sensor applications.
The transduction mechanism of chemical sensors based on the microhotplate platform is usually conductometric or calorimetric in nature where a catalytic or gassensitive overlayer is coated onto the microhotplate platform to functionalize the sensor."
The microhotplate platform has electrical leads to both the heater and the overlayer so that the electrical resistance of both elements can be measured simultaneously. The overlayer is chosen so that it interacts with the target gas at the prescribed temperature A Hierlemann, 0 Brand, C. Hagleitner, and H. Bakes, Proceedings ofthe IEEE 91,839-863 (2003) I 7
and provides a signal, usually in form of electrical resistance change. For sensors employing conductometric transduction mechanism, semiconducting oxides or conducting polymers are often employed.'8 For materials that change volume upon absorption of target gas, volume-mediated conductivity change has been proposed as a two-step transduction mechani~m:'~ first the functional material absorbs the target gas and expands (or contracts); and the sensor resistance changes its value due to varied distance between conductive elements.
For the microhotplate platform, volume change of the gas-sensitive layer can be inferred from an embedded piezoresistor when present. Such a transduction mechanism is readily available when the embedded heater element is fabricated with materials possessing usable piezoresistive coefficients, such as polysilicon.6 When the gas-sensitive layer expands or contracts, it modifies the stress experienced by the heater element, leading to a change in its electrical resistance through the piezoresistive effect. One can therefore fabricate a micromachined chemical sensor possessing dual transduction mechanisms by judicious choices of gas-sensitive layer and heater element materials. In this section, we report a microhotplate-based hydrogen sensor that exploits the advantages provided by this dual transduction concept.
Our fabrication of microhotplate platform comprises several steps.' CMOScompatible layered construction is first carried out using a foundry process (e.g., AMI ABN 1 .5 pm process through MOSIS), similar to what has been described elsewhere?
The electrical resistance of the embedded polysilicon heater depends on the user-defined Mechanical motion of the microhotplate platform is fundamental to the piezoresistive transduction mechanism. Functionalized microhotplates can deflect upward or downward depending on, among many factors, device geometry, layer construction, and process history. Figure 16 presents an example where confocal microscopy images of a microhotplate before and after structure release and metallization are shown.
Microhotplate deflection induced by thermal expansion has been reported?' The heater resistance and the relative platform deflection can be simultaneously measured for a given heater power. Results taken from a released but uncoated microhotplate with a 3.35
kQ polysilicon resistor are shown in Figure 17 . The deflection was measured using an AFM technique. The position at zero power was taken as the reference (i.e., zero relative deflection). For this data set, the microhotplate deflected incrementally downward at increasing applied heater power. The change of polysilicon heater resistance was attributed to joule heating via the thermoresistive effect; contribution from piezoresistive mechanism was found to be negligible for the purposes of this experiment. Hydrogen loading of palladium-coated yttrium films at room temperature is Our experience indicates that it can be greatly expedited at moderate temperatures (> 70°C). The initial hydrogenation behavior of a Pd/YHx coated microhotplate with a 7.72 kQ polysilicon is shown in Figure 1 S(a) . With the heater element maintained at a constant 5V drive voltage, the initial hydrogen exposure was performed at 1% H2 in clean, dry air (CDA) at 500 sccm total flow for 500 seconds. this sensor, the change in heater resistance between P-y phase transformation is comparable to the measurement noise.
The heater resistance as a function of heater power of the same coated microhotplate is shown in Figure 18 (b) at pre-and post-hydrogenation conditions. The resistance-power relationship remained linear but with different intercepts at zero power.
The similarity in slopes indicates that the heating efficiency of the microhotplate platform was not affected by hydrogenation of the gas-sensitive layer. This observation is expected because thermal conduction via the suspension structure is the major heat loss mechanism:' and is not expected to be affected by the hydrogenation step. The difference in intercepts -corresponding to heater resistance at zero-power -cannot be attributed to the thermoresistive mechanism because the microhotplate was at the same room temperature at zero power. A 102,36-41 (2002) . clean, dry air at 500 sccm total flow for 500 seconds, and the microhotplate was powered at 5V. (h) heater resistance as a function of heater power pre-and post-hydrogenation.
C. K. Saul, Sensors and Actuators
We believe that the piezoresistive mechanism can explain this observation. It is known that hydrogen incorporation in thin film materials can lead to volume expansion of the host materials. For rare earth metals such as yttrium film on elastically hard substrates, the stress induced by volume change between metal and dihydride phases can amount to several GPa?3 While the present stress change could be smaller because of the higher mechanical compliance of microhotplate platform, the stress change experienced by the polysilicon piezoresistor is sufficient to cause measurable resistance change. As noted earlier from Figure 18 , this resistance change may be small and not useful for gas sensing. By tailoring with platform geometry and layer construction, sensors can be engineered to amplify the piezoresistive transduction signal. Hydrogen response of one of the engineered sensors is shown in Figure 19 . The test sequence consisted of five 10- 
Device Testing: Long Term Behavior
Although the short term sensing performance has been very good, as the manufacturing process improved, issues with long term stability became apparent during the course of the program. This is because as the overall sensor resistance decreased with better film fabrication, the resistance of the films became more sensitive to smaller absolute changes that were masked by the previously higher resistance. In other words, a minor change of few ohms in a 200 ohm sensor became a significant change in a 20 ohm sensor.
Since the fabrication process has lowered the resistance values, resistance drift as function of time has been noted, and has been attributed to gradual oxidation of yttrium.
There are two oxygen sources: oxygen from the underlying Si02 (top of the microhotplate structure), and oxygen from ambient air. Auger depth profiling revealed the extent of oxygen diffusion from these a i r P d Y and Y/SiO2 interfaces, as shown in In addition, there is some P d N alloying25, which is also undesireable. The although Borgschulte interdiffusion kinetics was said to be significant at 425 reported that it can happen at room temperature.
The result of the auger analysis agree with the thermodynamics, and further thermodynamic analysis was performed to see if a suitable barrier could be identified. Since formation of Y2O3 has one of the lowest delta G among the known metal oxides (even lower than CaO), it was difficult to locate a suitable barrier oxide.
Fortunately, YH2 has a significantly higher delta G for oxidation than pure Y metal. needs to be modified so that neither oxygen nor palladium can inter-diffuse with yttrium, while hydrogen can diffuse with ease. The bottom interface needs to be modified so that oxygen and yttrium cannot inter-diffuse. The following approaches could be practiced for materials other than yttrium if they are chosen for the application.
There are several criteria for picking a barrier. For the existing e-beam deposition process flow without an added mask step, the barrier must be a metal or exhibit useful electrical conductivity. The conductance of the barrier layer should be low relative to the sensing layer (Le., yttrium) so that significant electrical shunting docs not occur while, at the same time, being of a sufficient level to provide electrical connectivity with the sensing layer.
The barrier material should not alloy with yttrium under process/operating
conditions. The barrier material should not take oxygen from SiOz, or at least the oxidation must be self-limiting (although somewhat difficult to verify), under process/operating conditions. The barrier material preferably has no hydride phase. This is not a necessary condition, but helps simplify the operation analysis.
Based on these conditions, a suitable, proprietary barrier element was identified and reduced to practice.
There are again several criteria for picking a top barrier. An additional benefit is that, if the top barrier performs satisfactory, one may not need to have a full Pd coverage.
For our e-beam deposition process, the barrier had to be a material where e-beam targets are available. Because of the contact with Y, the barrier material as deposited should not alloy with yttrium under process/operating conditions Ideally, the barrier material should not alloy with palladium under process/operating conditions and have satisfactory hydrogen permeability. A suitable, but proprietary barrier was identified and reduced to practice. This is shown in Figure   22 , where the top and bottom barrier layers arc shown to mitigate the diffusion of oxygen, while at the same time remain narrowly concentrated at the boundaries. 
Systems Development
Stand-alone measurement electronics were developed for the Hz MEMS sensor, and the design/implementation cycles have gone over several generations.
For the first generation (Gl) measurement electronics, the design goal was to produce a small, simple, signal processing board that would measure the resistance of the sensor element and output a conditioned 0 to 5V signal. The electronic measurement board needed to be able to store calibration coefficients and have indicator light and relay output. There were to be no end-user adjustable parameters on the board, except for the relay trigger set point. The internal and external user feedback made it clear that a revision was in order, and programmability was highly desired. The revised design (G2) incorporated several features that were absent from the previous generation, Figure 24 . Field deployment of these modules allows a uniform platform from which data were collected and shared with ease. However, as the sensor process gradually evolved, the G2 was also found to need further improvement. For example, the sensing current in the G2 board was fixed at 0.4 mA, and it was thought that a programmable sensing current would allow for a better tradeoff between detection limit and sensor drift.
A third generation ((33) measurement board was commissioned. A new vendor, Advanced Boston Engineering, was chosen to design and implement the G3 board. New features added include selectable sensing current (0.1 to 0.4 mA at 0.1 mA step, jumper selectable), intermittent sensing current drive (firmware controllable), high heater drive range, and on-board humidity sensing. The form factor was reduced, and surface mounted circuit components were used. The circuit schematic is shown in Figure 26 and Figure 27 . The firmware originally developed for the G2 design was ported over with some modifications. The G3 boards are currently in use both at ATMI and collaborator sites.
In conclusion, this project has succeeded in achieving the following objectives 1)
Demonstrating the capabilities of micro-machined Hz sensors 2) Developing an understanding of their performance. 3) Critically evaluating the utility and viability of this technology for life safety and process monitoring applications.
We have demonstrated that the sensors are capable of sub-second response times to hydrogen at extremely low powers (-8mW). They have an extended range of detection, covering two orders of magnitude from below 200ppm to 2% H2 in air. The behavior of these sensors in air and in nitrogen has been explored, and the sensors have been found to operate in both conditions, albeit with different magnitudes of responses and speeds of recovery. The presence of oxygen inhibits the magnitude of response in some cases, but enhances the speed of recovery. As we studied the long-term behavior of these devices, an oxidative degradation mechanism was identified, and new barrier layers were engineered to address this. Additionally our increased understanding of how these devices work has lead to the discovery of a new hydrogen sensing transduction method, based on strain induced piezoelectricity. As part of the evaluation of the viability of this technology, the sensor fabrication process was documented, analyzed and improved. The relative yield and absolute numbers of sensors produced increased steadily over the course of the program. Several generations of standalone electronic measurement boards were developed in conjunction with the device evolution, and used to demonstrate the device performance.
These technical achievements are the basis for our conclusion that this hydrogen sensor technology has exceptional utility and viability for life safety and process monitoring applications in hydrogen-based infrastructure that is expected to become more prevalent in future years.
